Abstract Heat stress to a cell leads to the activation of heat shock response, which is required for the management of misfolded and unfolded proteins. Macroautophagy and proteasome-mediated degradation are the two cellular processes that degrade polyubiquitinated, misfolded proteins. Contrasting pieces of evidence exist on the effect of heat stress on the activation of the above-mentioned degradative pathways. Laforin phosphatase and malin E3 ubiquitin ligase, the two proteins defective in Lafora neurodegenerative disorder, are involved in cellular stress response pathways and are required for the activation of heat shock transcription factorthe heat shock factor 1 (HSF1) -and, consequently, for cellular protection under heat shock. While the role of laforin and malin in the proteolytic pathways is well established, their role in cellular recovery from heat shock was not explored. To address this, we investigated autophagic flux, proteasomal activity, and the level of polyubiquitinated proteins in Neuro2a cells partially silenced for laforin or malin protein and exposed to heat shock. We found that heat shock was able to induce autophagic flux, proteasomal activity and reduce the polyubiquitinated proteins load in the laforin-silenced cells but not in the malin-deficient cells. Loss of malin leads to reduced proteasomal activity in the heat-shocked cells. Taken together, our results suggest a distinct mode of action for laforin and malin in the heat shock-induced proteolytic processes.
Introduction
Heat shock response is characterized by the induction of heat shock proteins (HSPs) that protect cellular proteins from misfolding and aggregation. HSPs also induce the E3 ubiquitin ligases that assist in the proteasome-mediated clearance of the misfolded proteins (McDonough and Patterson 2003) . This conserved cellular heat shock response pathway is triggered and regulated by a master regulator, the heat shock factor 1 (HSF1), a transcription factor activated by thermal stress (Cotto and Morimoto 1999) . HSF1 directly regulates the transcription of genes coding for the HSPs and indirectly regulates the expression of a number of genes by transactivating other transcription factors (Anckar and Sistonen 2011) . Thermal stress is known to denature proteins and promote their aggregation. To clear the increased load of abnormal proteins, the heat shock response is thought to be followed by the activation of proteolytic processes such as autophagy and ubiquitin proteasomal system, suggesting a cross talk between the heat shock response and the proteolytic processes (Dokladny et al. 2015) . Indeed, there is evidence suggesting that HSF1 induces autophagy through the direct transcriptional regulation of an autophagy gene. For example, HSF1 was shown to induce the transcription of Atg7-gene critical for inducing autophagy and cell survival (Desai et al. 2013) . Similarly, the overexpression of HSF1 in mouse models of Alzheimer's disease led to autophagy induction (Pierce et al. 2013) . A study also suggests heat shock to be a protective mechanism against neurodegeneration as it induces autophagy (Liu et al. 2010) . Few reports also demonstrate the negative effect of HSF1 on proteolytic processes. For example, loss of HSF1 led to the activation of basal autophagy (Dokladny et al. 2013) , and, conversely, active HSF1 was also shown to suppress the expression of LC3 under heat stress (Zhao et al. 2009 ). While these studies suggest a functional link between the heat shock response and the proteolytic processes, these contradictory findings also call for further studies in this direction.
Lafora disease (LD) is a fatal form of a teenage onset, progressive myoclonus epilepsy, characterized by other symptoms such as ataxia, dementia, psychosis, and muscle wasting (Delgado-Escueta et al. 2001; Ganesh et al. 2006) . LD patients die within about 10 years of the first epileptic episode (Serratosa et al. 2012) . LD is caused due to the mutations in the EPM2A or the NHLRC1 gene, coding for the laforin protein phosphatase or the malin E3 ubiquitin ligase, respectively (Singh and Ganesh 2009) . One of the characteristic features of LD is the formation of polyglucosan bodies, called the Lafora bodies, in the affected tissues including the neurons (DelgadoEscueta et al. 2001; Ganesh et al. 2006) . LD mouse models developed polyglucosan bodies in neurons and other tissues and displayed widespread neurodegeneration (Ganesh et al. 2002) . Laforin and malin are thought to function as a complex and have been shown to play a role in proteolytic processes. These include ubiquitin-proteasome system (Mittal et al. 2007; Garyali et al. 2009 ) and autophagy; cells deficient for laforin or malin showed autophagy blockade (Aguado et al. 2010; Puri et al. 2012; Criado et al. 2012; Singh et al. 2013; Garyali et al. 2014) . A direct role for these proteins was also shown in heat shock response; laforin and malin were shown to be required for the activation and nuclear translocation of HSF1 (Sengupta et al. 2011) . Since the heat shock response and proteolytic processes have functional links and since the LD protein functions in both pathways, in the current submission, we assessed the role of laforin and malin on the cellular proteolytic machinery, namely the autophagy and proteasome-mediated degradation, during recovery from heat shock.
Materials and methods

Cell culture and transfection
Neuro2a cell line was obtained from the National Centre for Cell Science, Pune, and was grown in DMEM (Sigma-Aldrich), supplemented with 10% fetal bovine serum (Gibco International) and 1% Pen/Strep (Invitrogen). For the heat shock experiments, the cells were incubated at 42°C in a water bath for 1 h and harvested at the end of the heat shock or were allowed to recover at 37°C and then were harvested at 2, 4 8, or 16 h post-heat shock (see Fig. 1a for the study design). This post-heat shock time window tested will hereafter be referred to as the Brecovery period.^Cells were treated with 4 μM Bafilomycin A1 (SigmaAldrich) for 2 h preceding the harvest.
Expression constructs
The RNAi constructs (shRNAmir) for laforin and malin were originally purchased from Open Biosystems, USA (Expression Arrest microRNA-adapted shRNA libraries). In these constructs, with the pLKO.1 backbone vector, the double stranded RNA against the target genes is expressed using the U6 pol III promoter; thus, the knockdown efficiency is much higher than conventional siRNA duplex as the pol III construct is expected to express up to 72 h post-transfection. The efficiency of knockdown constructs was confirmed by semi-quantitative PCR and also by using overexpression constructs for laforin or malin ( Supplementary Fig. S1 ). These knockdown constructs have been reported in our previous studies as well (Garyali et al. 2009; Jain et al. 2016 ).
Antibodies and reagents
The antibodies used for the immunoblotting experiments and their sources are as follows: anti-LC3 (Cell Signaling Technology), anti-p62 and anti-polyubiquitin (Enzo Life Sciences), and anti-γ-Tubulin (Sigma-Aldrich Pvt. Ltd.). Secondary antibody conjugated to horseradish peroxidase (HRP) was procured from Jackson ImmunoResearch Inc. The 7-amino-4-methylcoumarin (AMC) conjugated fluorescent proteasome substrates, with peptides cleaved by the enzymatic activities of cellular trypsin-like (Substrate VI), chymotrypsin-like (Suc-LLVY-AMC, Substrate III), and caspase-like (Substrate II) were obtained from Merck. Fig. 1 Autophagy flux during the heat shock recovery in cells silenced for laforin or malin. a Schematic diagram depicting the experimental design to test the role of laforin and malin in heat shock response. Neuro2a cells grown at physiological temperature (37°C) were exposed to a heat shock at 42°C for 1 h (identified by the thunder sign), allowed to recover at 37°C, and were harvested at 0, 2, 4, 8, or 16 h post-heat shock exposure. The post-heat shock recovery period is referred to as Brecovery period,^and the time points of harvest are identified as R0 to R16. b Representative immunoblots showing the increased cellular levels of endogenous p62 and reduced LC3-II/LC3-I ratio in cells partially silenced for laforin or malin. The bar diagram shown above indicates the fold change in the p62 level and LC3-II/ LC3-I ratio in the laforin-or malin-silenced cells as compared with the cells transfected with the non-silencing RNAi construct. c, d
Immunoblots showing the relative levels of endogenous LC3 (c) or p62 (d) in cells exposed to the heat shock and harvested at indicated time points during the recovery (upper panel in each figure). Immunoblots representing endogenous p62 and LC3 levels in cells exposed to Bafilomycin A1 for 2 h prior to the harvest served as controls for autophagy flux (lower panel in each figure). Since bafilomycin treatment results in increased levels of target proteins, images representing the short exposure (SE) and the long exposure (LE) for the same set of blots are shown. Tubulin served as a loading control (**p < 0.001; *p < 0.05; two-tailed t test; p value calculated against NHS) b Bafilomycin A1 was obtained from Sigma-Aldrich India Pvt.
Ltd. (B1793).
Immunoblotting
Protein samples were resolved on SDS-polyacrylamide gel, transferred to nitrocellulose membrane, and were processed for immunoblotting essentially as described earlier (Singh et al. 2013; Jain et al. 2016) The blot was incubated with the primary and the secondary antibodies according to the manufacturer's instructions, visualized on an X-ray film or a chemiluminescence detector (Bio-Rad). The chemiluminescent substrate (SuperSignal West Pico) was procured from Thermo Life Sciences. Quantitation of bands and further analysis were done by using the ImageJ software. For the analysis of polyubiquitin proteins, band intensity of the entire lane was considered and normalized with the intensity of tubulin bands.
Proteasome activity assay
Cells were lysed in a buffer with the following composition: 50 mM HEPES (pH 7.5), 5 mM EDTA, 150 mM NaCl, and 1% Triton X-100 on ice. The lysates were centrifuged at 8600×g for 15 min at 4°C. The supernatant was estimated for protein concentration. Ten micrograms (10 μg) of protein was used for proteasome assay, using the fluorogenic proteasome substrate and the assay buffer (250 mM HEPES, 5 mM EDTA, 0.5% NP40) at 60°C for 1 h. MG132 (Sigma-Aldrich India Pvt. Ltd.) was used as controls at a final concentration of 10 μM. Readings were taken at excitation maxima of 380 nm and emission maxima of 440 nm.
Statistical analyses
Each experiment was repeated at least thrice. Intensity estimation of western blots was carried out through ImageJ (NIH). The standard deviation was estimated using Microsoft Excel; GraphPad Software was used for two-tailed t test and p value calculations.
Results
Neuro2a cells lacking malin, but not laforin, exhibited compromised autophagic flux upon exposure to heat shock in Neuro2a cells Cells lacking either laforin or malin are known to display lower levels of LC3-II/LC3-I ratio and higher p62 levels, even when they are not exposed to a heat shock. Malin and laforin are necessary for autophagic induction and loss of either result in autophagy blockade (Aguado et al. 2010; Puri et al. 2012 , Criado et al. 2012 Singh et al. 2013; Garyali et al. 2014) . The Neuro2a cells used in the present study also showed a similar effect upon a transient loss of laforin or malin (Fig. 1b) . To test the effect of heat shock on the autophagic flux, Neuro2a cells were transiently transfected with the shRNAi construct (for the knockdown of laforin or malin) and were subjected to a heat shock at 42°C for 1 h, followed by recovery at 37°C for indicated time points, with concurrent assessment of LC3-II and p62 levels (Fig. 1a, b) . Interestingly, as shown in Fig. 1c , the LC3-II/LC3-I ratio was higher during the recovery periods for the cells silenced for laforin, especially during the 4-to 16-h period post-heat shock. This correlated well with a decrease in the p62 levels, a substrate of autophagic clearance (Bjorkoy et al. 2005) , during the same period (Fig. 1d) , suggesting that loss of laforin does not compromise the heat shock-induced autophagy. Intriguingly, the LC3-II/ LC3-I ratio was much higher in the laforin-silenced cells during the 4-to 16-h period post-heat shock. However, p62 showed a significant difference in the level only at 16 h post-heat shock (Fig. 1d) . This shift in the LC3-II/ LC3-I ratio and the change in the level of p62 was fully inhibited when the cells were treated with Bafilomycin A1, a lysosomal proton pump inhibitor, for 2 h preceding the harvest of cells (Fig. 1c, d) , suggesting that the observed changes in the laforin silent cells are indeed due to the heat shock-induced autophagy flux. In cells silenced for malin, the LC3-II/LC3-I ratio did increase during the post-heat shock recovery period (Fig. 1c) . However, p62 levels remained constant throughout the recovery period, suggesting sub-optimal clearance of autophagic targets (Fig. 1d) .
Loss of laforin and malin resulted in contrasting effects on proteasome activity during the post-heat shock recovery period Ubiquitinated proteins serve as important nodes for cellular signaling, and, depending upon the ubiquitin linkages, the proteins might be targeted for autophagic clearance or for the proteasomal-mediated degradation (Li and Ye 2008) . For evaluating the cellular proteasome activity, we assayed the caspase-, chymotrypsin-, and trypsin-like protease activities of the proteasomal proteases. For this, the Neuro2a cells were silenced for either malin or laforin, subjected to heat stress, and harvested at various time points. Cellular lysates were prepared at 4°C and in a buffer lacking SDS. An equal amount of protein lysates were incubated with fluorogenic peptides, and a reaction with the proteasomal inhibitor MG132 was used as control (lysate of unstressed cell incubated with MG132). As shown in Fig. 2 , we found no significant change in any of the three protease activities of the proteasome upon exposure to a heat shock and during the post-heat shock recovery period for cells transfected with the non-silencing vector. For the cells silenced for laforin or malin, there was no difference in activities under unstressed condition (nonheat shocked (NHS)). However, partial loss of laforin or malin did affect the protease activities at the end of the heat shock or during the post-heat shock recovery periods, although to different extents (Fig. 2) . Malin deficiency led to a significantly reduced activity of all three proteases upon exposure to heat shock, and during the post-heat shock recovery periods, while loss of laforin for the same time points resulted in a significant increase for the protease activities (Fig. 2) , indicating a differential effect of laforin and malin on the proteasomal function.
Overall, loss of malin resulted in lowering the protease activity during the post-heat shock recovery period.
Heat shock promotes the clearance of the polyubiquitinated proteins in laforin-deficient cells Polyubiquitinated proteins are targets of autophagic and proteasomal-mediated clearance (Olzmann and Chin 2008) . Heat stress leads to the accumulation of detergent-resistant polyubiquitinated proteins; silencing of autophagic proteins in Arabidopsis prior to heat stress has been shown to enhance this accumulation (Zhou et al. 2013) . Indeed, loss of laforin or malin resulted in increased levels of long-lived, ubiquitinated proteins in the mouse models of LD (Aguado et al. 2010; Puri et al. 2012; Criado et al. 2012) . Therefore, we wanted to test if the heat shock-induced clearance of polyubiquitinated proteins is effective in the absence of laforin or malin. Corroborating earlier reports (Aguado et al. 2010; Puri et al. 2012 , Criado et al. 2012 Singh et al. 2013; Garyali et al. 2014) , we found that cells partially silenced for laforin and malin have higher level of polyubiquitinated proteins, compared to the control (Fig. 3a) . We assessed the clearance of polyubiquitinated proteins during the post-heat shock recovery period (Fig. 3b) . For each such comparison, the level of the total polyubiquitinated protein in the non-stressed cells (NHS) was considered as one, and the fold difference in the level at subsequent time points of investigations was plotted (Fig. 3b) . The level of polyubiquitinated proteins attained its maximum at 8 h post-heat shock in the control cells (NS_RNAi), suggesting a surge in the polyubiquitination activity during the post-heat shock recovery period (Fig. 3b) , and this parallels with the autophagy induction and the increased levels of p62 during the post-heat shock recovery period (Fig. 1c, d ). On the contrary, the level of polyubiquitinated proteins in the laforin-silenced cells was higher in cells unexposed to heat shock (Fig. 3a) but dramatically reduced during the post-heat shock recovery period (Fig. 3b) . This reduction in the polyubiquitinated species also mirrored the induction of the autophagy and reduction in the level of p62 during the same time points (Fig. 1c, d ), suggesting that the heat shock-induced autophagy and the proteasomal activity could possibly be the reasons behind the clearance of the polyubiquitinated proteins. The cells silenced for malin, however, did not show such a change; the level of ubiquitinated proteins did not decrease during the post-heat shock recovery period as compared to the unstressed (NHS) cells (Fig. 3b) , corroborating the observations with the autophagy markers that the loss of malin attenuates the heat shock-induced autophagy.
Discussion
The heat shock response and the autophagic process are two distinct pro-survival cellular pathways that are induced by a wide variety of physiological stresses. These include, but are not limited to, thermal stress, hypoxia, oxidative stress, and starvation. Although a direct functional link between these two very well-conserved pathways is yet to be established, emerging reports suggest cooperation between these two processes (Dokladny et al. 2015) . While the heat shock response is considered a preventive measure limiting the protein damage due to unfolding, autophagy is essentially a catabolic process involved in the degradation of damaged and unwanted proteins (Sisti et al. 2015) . It is therefore not surprising that autophagy is induced upon exposure to a thermal stress in mammalian cells, since elevated temperature is known to increase the cellular load of misfolded proteins, and the cell induces autophagy to clear the abnormal proteins and to provide nutrients during the post-heat shock recovery phase. Unlike the heat shock response wherein the HSF1 is considered to be the master regulator, the autophagy process is known to be regulated by multiple signaling pathways (Ravikumar et al. 2010) , suggesting multiple players in this catabolic process. Similarly, cross talks between the autophagy and the ubiquitin-proteasome system have also been established (Ravikumar et al. 2010 ). In the current study, we attempt to address the conflict using neuroblastoma cell line as our model, as cells of neuronal origin are considered to be the most vulnerable to proteotoxic stress (Morimoto 2008) . Consistent with these views, we find an increased load of polyubiquitinated proteins in the control Neuro2a cells during the post-heat shock recovery period and the concomitant induction of autophagy. We, however, did not observe a or the knockdown construct for laforin or malin, exposed or not exposed to heat shock, and harvested at indicated time points. Tubulin has been used as loading control. The bar diagram above represents the fold change in the signal intensities for the polyubiquitinated protein as compared to cells that were not exposed to the heat shock (**p < 0.001; *p < 0.05; two-tailed t test) significant change in the proteolytic activity of the proteasome at the end of the heat shock period or during the tested postheat shock recovery period, suggesting that the autophagic process could be the major player in the clearance of the damaged proteins. Another study that followed the cellular autophagic status during heat shock recovery elucidated the role of transcription factor NFκB in autophagic induction (Nivon et al. 2009 ). Similar to our findings, this study documents the accumulation of insoluble, polyubiquitinated proteins peaking at 6 h post-heat shock recovery and the lowering to basal levels at 24 h of the recovery period (Nivon et al. 2009 ). The authors showed that the loss of NFκB increased the cellular polyubiquitinated levels and decreased the LC3 levels for recovery periods, suggesting the role of a transcription factor during the recovery period after the heat shock.
The loss of either laforin or malin is known to result in the autophagy blockade (Aguado et al. 2010; Puri et al. 2012; Criado et al. 2012; Singh et al. 2013; Garyali et al. 2014; Jain et al. 2016) . One of the intriguing observations of the present study is the contrasting effect on heat shock-induced autophagy induction in the Neuro2a cells deficient for laforin as compared with cells that were deficient for malin. Heat shock was able to induce autophagy in the laforin-deficient cells but not in the malin-deficient cells. While we do not know the exact reason behind the difference, it is of interest to note that the pathways involved in the autophagy blockade appear to be different in the two LD models. While the autophagy defects in the laforin-deficient state appear to be mTOR dependent (Aguado et al. 2010; Singh et al. 2013) , it is likely to be mTOR independent in the case of malin deficiency (Criado et al. 2012 ) and this could possibly contribute to the observed difference. Indeed, a recent study demonstrates that overexpressed HSF1 Bphenocopies^mTOR inhibition via rapamycin (Pierce et al. 2013) , suggesting a similar function might operate in laforin-deficient cells. Similarly, treatment of cells with okadaic acid (an inhibitor of protein phosphatases) increases autophagy flux (Yoon et al. 2008 ) and induces heat shock protein expression (Arias et al. 1998) . Thus, it is likely that the loss of the laforin's phosphatase activity did not affect the heat shock-induced autophagy as compared to the cells that were partially deficient for malin. This argument brings in an important question as to why heat shock is unable to induce autophagy in the absence of malin. Apart from a direct regulation of autophagic genes, heat shock induces small chaperones (HspB8/Bag3/Hsc70/CHIP) that are known to have a mechanistic role in macroautophagy (Crippa et al. 2010) . These chaperones are induced in an HSF1-independent manner and are regulated by posttranslational modifications. The role of small chaperone BAG3-HspB8 was shown upon heat stress-induced autophagy (Nivon et al. 2012) . Oxidative stress also induces small heat shock protein beta-1 (HSPB1) which induces autophagy in renal cells (Matsumoto et al. 2015) . These examples suggest that malin might regulate autophagy during stress recovery in an HSF1-and mTOR-independent manner, possibly through the post-translational modulation of some critical factors, which could be very different from the way laforin regulates autophagy. Indeed, laforin appears to regulate basal autophagy via FOXO3a-a transcription factor that regulates the expression of autophagy genes Map1LC3b and Atg12 (Jain et al. 2016) . A similar, but a distinct, mode of action could possibly exist for malin, and thus further studies are required to understand the role of malin in autophagy regulation. Nonetheless, our findings are clear enough to suggest that the autophagy blockade resulting from the loss malin could not be induced by heat shock and is, therefore, independent of HSF1. Our findings also suggest that activation of heat shock response pathway might restore autophagy in laforindeficient cells.
A neuronal disorder that is associated with a mutation in the gene coding for an ubiquitin ligase E6AP is known to regulate proteasomal function. Interestingly, the mutation in this gene leads to defective proteasomal activity and is proposed to be a causative factor in disease development (Tomaic and Banks 2015) . Loss of laforin or malin in the unstressed cells did not lead to a significant difference in proteasomal activity. However, loss of laforin and malin had contrasting effects on proteasomal activity during post-heat shock recovery period. While the loss of malin led to a significant reduction in the protease activity, loss of laforin resulted in enhanced activity at least at a few time points tested. Since ubiquitin ligases are known to promote proteasomal processivity (Aviram and Kornitzer 2010) , and as malin is associated with proteasome (Mittal et al. 2007 ), it could be argued that the loss of malin might compromise proteasome function. An alternate explanation could be the increased level of p62 in the malindeficient cells, as p62 accumulation is known to inhibit proteasomal function (Korolchuk et al. 2009 ). However, a reason for the increased activity of proteasome observed upon the partial loss of laforin during recovery from the heat shock is not obvious to us. One possible mechanism could be the post-translational modification of critical regulators of the proteasome complex. For example, the 26S proteasome phosphatase UBLCP1 is known to negatively regulate the proteasome activity (Guo et al. 2011) . Given that laforin associated with proteasome in the stressed cells (Mittal et al. 2007) , it is possible that laforin is a negative regulator of the proteasome, and its loss might enhance its activity. Clearly, further studies are required on the regulatory roles of laforin and malin in the proteasomal activity under cellular stress.
